Preface
For several years, the authors have taught a short course on flame retardancy under the auspices of the Business Communications Corp. This course has been found useful by persons entering the field of flame retardancy or who were facing particular problems of flame retarding plastics. One of us (S.V. L.) presented an introductory lecture discussing mode of action of main classes of flame retardants and one of us (E. D.W.) presented a survey of flame retardants in commercial use or advanced development, discussed polymer class by polymer class. The present volume is a much-extended coverage of flame retardants from the same practical point of view. It is intended to be of use especially by plastics compounders, textile technologists and by R&D workers in this field. Our coverage is mainly chemistry-oriented and formulation-oriented. We have not included flame retardant coatings, "firestops" and fire-barrier materials, flame retardants for wood or paper, and inherently flame resistant polymers. We have made an effort to reference much of the information presented, but in the many cases where references are not cited, it can be assumed that the source is supplier's literature, supplemented by discussions with suppliers where needed. 
1)
The term "flame retardants" should be clearly understood to mean materials (additive or reactive) which deter or extinguish flame propagation under standard laboratory test conditions. The definition set forth by the relevant ASTM terminology subcommittee for a flame retardant chemical is "a chemical which, when added to a combustible material, delays ignition and reduced flame spread of the resulting material when exposed to flame impingement" [1] . Note the relative rather than absolute language. Note also that terms such as "fireproof " or "flameproof " can be misleading and should not be used. It is also important for everyone working in this field as well as users of flame retardants to understand that tests run under standard small scale conditions do not necessarily predict the behavior of the materials under real fire conditions. Substantially all flame retardants can be defeated in a large fire. In the present volume, the use of terms such as "flame retardant" should in no way be construed as warranting or suggesting adequate performance in a real fire.
Another important consideration is that flammability tests run on small standard sized samples may not properly represent the performance of the final product containing the formulated plastic. Configuration, wall thickness, orientation, coatings and adjacent materials can greatly affect flame retardant performance. The manufacturer should test the final product under use (and abuse) conditions. The relatively new European single-burning item test is a step in this direction. In the U. S., the Underwriters Laboratory has long recognized the importance of realistic testing. However, many tests called for in codes and purchase specifications still fall short of representing real fire conditions. Some of these methods, like the time-honored E-84 "Steiner 25-ft. tunnel," and automotive MVSS 302 are considered by many fire experts to be in severe need of upgrading or replacing, even though they are cited in many codes and specifications.
Despite not giving absolute protection against fire, flame retardants have played, and continue to play, an important role in reducing the occurrence and severity of fire. One dramatic demonstration was the order-of-magnitude greater number of fires, with many fatalities, involving European television sets which were non-flame-retarded compared to the U. S. where television sets had to meet the UL 94 V0 standard [2, 3] . A broad assessment of the need for flame retardants was published by Prof. Nelson [4] . Flame retardants also represent a commercially important family of plastics additives and textile treatments, with an over $4 billion sales estimated for 2008. Flame retardants are one of the fastest growing plastics additive classes worldwide [5] .
1) It has been our intention to cite tradenames and trademarks correctly, and to distinguish them from common or generic names. However, the use of general descriptive names, trademarks, etc. in this publication, even if the former are not especially identified, is not to be construed as a sign that such names, as understood by the Trade Marks and Merchandise Marks Act, may accordingly be used freely by anyone.
Neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be made. The publisher, the authors and the editors make no warranty, express or implied, with respect to the material contained herein. 
Flame Retardants in Commercial Use or Development for Polyolefins

Introduction
In this chapter, the authors concentrate on presently used and developing technology for flame retarding polyolefins, including those copolymers that have properties mainly reflecting their aliphatic hydrocarbon components. Polyolefin polymers that will be discussed in this chapter include the principle homopolymers, such as polyethylene, polypropylene, and polybutenes, copolymers with other olefins, copolymers with vinyl monomers such as vinyl acetate, and the ethylene-propylene rubbers. The diene elastomers and natural rubber are briefly discussed.
Copolymers with styrene and block copolymers with styrene are discussed in Chapter 3. An earlier review (2002) on flame retardancy of polyolefins is by Albemarle authors [1] . Theory and mechanism of thermal decomposition and stabilization are outside the scope of the present review, although we will briefly allude to the usually accepted mode of action explanation for most of the flame retardants. The reader is referred to our recent review [2] and several chapters in the book edited by Grand and Wilkie [3] . An earlier book, still useful on basic chemistry of flame retardants, is Cullis and Hirschler [4] . The use of adequate mixing equipment and methodology are important to achieve dispersion of the usually-solid powder additives. Higher filler levels, or finely divided materials which tend to reagglomerate, or those additives which have their thermal stabilities only slightly above processing temperatures, are particularly challenging. A brief discussion of these problems, and the applicability of different kinds of equipment has been published [5] . In general, good dispersion of the flame retardants and synergists is important. It is often found advantageous to add the solid flame retardant prior to the addition of plasticizing or processing aid additives. This book contains short discussion of test methods and standards but for a more complete overview the reader is referred to an updated compendium by Troitzsch [6]. European Union standards and test methods are in a state of transition, with both new EU standards and some old national standards in use; recent overview papers should be consulted, for example, by Wickström [7] . A useful criteria of a popular small scale laboratory test, oxygen index (limiting oxygen index, LOI), often used to characterize flammability, shows poor or mediocre correlation of this measurement to cone calorimetric measurements and other burn tests [8].
However, small scale tests such as LOI and UL-94 can be useful, to supplement cone data [9] . Because of the complexity of the topic, we find it necessary to organize it by chemistry and then again by application, which will lead to some duplication.
2 Flame Retardants in Commercial Use or Development for Polyolefins
Generalizations
Primarily aliphatic polymers have high heats of combustion approximating to typical hydrocarbon fuels. For example, gross heats of combustion in kJ/g are: polyethylene 47.74; polypropylene 45. 80 . The hydrocarbon polymers also tend to burn with low char yields if not compounded with char-forming additives. There is a very rough relationship of thermodynamic heat of combustion for low-char-forming materials to flammability as measured by, for example, oxygen index [10]. Polypropylene poses further difficulties in flame retardancy because of its high crystallinity. High loadings of flame retardants in polypropylene increase brittleness and impair mechanical performance. On the other hand, less crystalline or rubbery copolymers such as EPR, EPDM, other olefin copolymers and diene elastomers generally accept high loadings of flame retardant additives while retaining useful properties. Good dispersion of solid additives is favored by keeping the temperature as low as possible to build viscosity and shear.
In the broadest sense, efforts to flame retard this category of polymer have relied on endothermic additives, flame-quenching (kinetic) inhibitors, barrier-forming materials, and sometimes combinations of these approaches.
Endothermic Additives (Mainly Metal Hydroxides)
These have, as a general characteristic, rather low prices compared to other categories of flame retardants, and have a requirement for relatively high loadings. They also tend to inspire less controversy regarding environmental aspects. They generally have low toxicities, even to the point where they can be ingested without harm. They are often viewed as "minerals" not "chemicals."
Alumina Trihydrate (Aluminum Trihydroxide, ATH; Mineral Name: Bauxite)
ATH is, by weight and for all applications, the largest flame retardant at this time, although it is exceeded on a monetary basis by tetrabromobisphenol A and decabromodiphenyl oxide. There are two main categories, ground and precipitated. Both varieties have rather similar thermal properties, but differ in their particle size and shape. Both have their origin in the ore, bauxite, which is almost always processed by the Bayer Process. Bauxite is dissolved in strong caustic, filtered to remove iron and silica minerals and other contaminants, then the solution is cooled and the aluminum trihydroxide allowed to crystallize out. The product is controlled by seeding or selective nucleation, precipitation temperature and cooling rate. Its size is generally above 50 µm. It is commercially wet-or dry-ground to produce median size ranges of "ground Bayer hydrate" from about 1.5 µm to about 35 µm, and varying in color from almost white to beige. The main impurities, which depend on the ore source, are iron compounds, silicates, soda and some organic materials.
To make purer, whiter, ATH, the Bayer hydrate may be redissolved in caustic and reprecipitated. The precipitated ATH usually has a median size range between 0.25 and 3.0 µm, lower 2.3 Endothermic Additives (Mainly Metal Hydroxides) 5 iron, silica, soluble soda and organic content, and lower surface areas than comparable sized ground ATH. A small percentage of commercial ATH is surface treated (see further discussion below).
Properties of ATH
ATH is a white or off-white powder, with a specific gravity of 2.42 and a hardness (Mohs scale) of 3.0, compared to anhydrous alumina (corundum) which has a hardness of 9. ATH is available in a wide range of particle sizes. Larger particles are usually preferred for "solid surface" products, i. e., cast stone made with a methacrylic or unsaturated polyester matrix. For these products, the aesthetic and hardness contribution of the ATH is usually the main consideration; flame retardancy is an incidental bonus. Viscosity considerations are important both in thermoset systems such as polyester resins and in thermoplastic processing. Generally, the finer the particle size, the higher the viscosity at a given loading. Bimodal combinations have been shown to allow higher loadings at tractable viscosity; evidence from studies done at Huber in thermoset resins probably is applicable to thermoplastics [11].
ATH Modifications
Surface treated ATH is commercially available with treatments such as stearic acid. These tend to be better flowing and are more rapidly miscible into polymer melts. However, mechanical, electrical and even flame retardant properties are often not improved or even somewhat compromised. Aminosilane surface treatment of ATH can improve the physical properties of an olefin polymer or copolymer. A comparison has been published by Albemarle [12] showing that in EVA, an aminosilane coated ATH substantially increased tensile strength, almost doubled elongation at break, slightly increased melt flow, and greatly increased volume resistivity (tested after 28 days in water at 50°C) by four orders of magnitude. Surface treatment of ATH by combinations of functional silanes applied together with fatty acid derivatives are also claimed [13] . Flame retardancy is normally improved somewhat by silanation but the main benefit is mechanical and electrical properties.
As an alternative to surface treatment, control of precipitation conditions can provide improved versions of ATH. For instance, Nabaltec's Apyral® 40 CD has low oil absorption, low dust, good conveyance properties, good wetting and dispersion in polyolefins [14] . It permits compounding output to be increased as much as 20-30 %. Melt flow rate is substantially improved. An even lower viscosity grade, Apyral 20 X, is available but this would appear to have larger particles; it permits high loadings (thus high flame retardancy) and can be used where settling, filtration on glass fiber mats, and surface finish are not so crucial.
Synergists and Adjuvants with ATH
Flame retardancy benefits have been found by addition of small amounts of catalytic metals, notably nickel, to ATH; for example, a nickel-oxide-modified ATH can give a V-0 rating in PP at 47.6 % whereas without the nickel, 55 % was needed. Japanese producers have offered such products [15]; color and toxicity problems have probably deterred their use. Enhancement of the flame retardant action of ATH with zinc borates has been established. In EVA, improved char (and inorganic barrier) formation is noted. Replacing 65 % ATH by 60 % ATH plus 5 % Rio Tinto's Firebrake® ZB lowers the peak rate of heat release in the cone calorimeter, and causes a major depression of the second (burn-off) peak of heat release [16] . Studies at Nabaltec [14] have confirmed the zinc borate enhancement of the action of ATH in EVA and polyolefins. Evidence has also been published for the beneficial (perhaps synergistic) action of alumina monohydrate (boehmite) added in the range of 5 % to ATH in the range of 65 %. The zinc borates are also recommended for use in EPDM, particularly in combination with ATH, MDH or a clay. In formulations of elastomers with high loadings of carbon black, especially those with high surface area, afterglow may be noted and can be controlled by adding zinc (or barium) borates.
Magnesium Hydroxide (Magnesium Dihydroxide, MDH)
At present, MDH is used at a much lower volume than ATH, however, in some applications it competes; in applications above the water-loss range of ATH (i. e., around 200°C) it can be used where ATH cannot. There are several types [17, 18]. The higher-priced varieties of MDH are Kisuma® with ordered uniform crystals from Kyowa (Japan) which are made from MgCl 2 and lime with precisely controlled crystallization, and most or all grades are surface-treated.
There is a less costly Magnifin® (Albemarle) made from magnesium silicate ore via MgCl 2 and MgO. In Israel, the Aman process converts MgCl 2 brine by hydropyrolysis to MgO, which is then hydrated to MDH.A still lower-cost less-ordered MagShield® (Martin Marietta) is made from MgCl 2 brine and lime or dolomitic lime. They are not interchangeable. Polymer melt shearing and property degradation can occur, for example in EVA or PP with inappropriate choice. Mechanical properties, flame retardancy and water resistance can all vary with the type of MDH used. Typical levels to achieve a V-0 rating in a polyolefin are in the 65 % vicinity.
A new Martin Marietta product is partially coated to get good flow properties, but allowing the user to add more surface treatment in compounding for specific applications. MDH is growing rapidly with main applications primary in insulation, jacket insulation, electrical connectors, cable boxes, office divider frames, and automobile sound-deadening panels. Surface-treated magnesium hydroxide is available, a typical treatment being with stearic acid which aids processing, however, it can increase color in the filled plastic [19] . Alternative to 7 the use of stearic acid, treatment of MDH with a vinyl-and alkylsilane can also improve flame retardancy. A detailed study of these alternatives, including a discussion of the criticality of the amount of surface treatment applied and effects of the manner of its application has been published by Huber [20] . It is shown that use of a pretreated additive can insure better processing and compound properties than the in-situ treatment during compounding. It is also shown that a functionalized PE (presumably a maleic grafted PE) as a compatibilizing agent can further improve fire performance. A proprietary treatment was developed at J. M. Huber to make Vertex® 100, a coarser particle size but higher surface area MDH, which shows improved processing, mechanical properties and color. A patent suggest that the system may make use of a reactive silane oligomer In the above-referenced study in polyolefins by Chen [22] , it was shown that the particle size distribution of MDH as well as the surface treatment has a substantial impact on the compound properties. An MDH of narrow particle size distribution, average particle size 0.8 microns and enhanced surface area of 13 m 2 /g. gave an improved balance of material toughness, modulus, tensile and fire properties.
Synergism of MDH with Zinc Borate
The flame retardant performance of MDH can be synergized by zinc borate (Rio Tinto's Firebrake® ZB or Marshall Additive Technologies CT ZB800). In general, zinc borate is useful as a synergist with MDH at about a 1:10 to 1: 5 weight ratio. A number of surface treated varieties are also available which besides easier dispersion in polyolefins also show better mechanical, electrical and flammability properties.
Talc
Talc is a natural magnesium silicate with major usage (probably over 500 000 tons/yr.) compounded into polymers for reinforcement, stiffness, dimensional stability, low shrinkage and improved processability. It has a lamellar character and tends to form a barrier to mass transfer in a burning polymer. In an EVA or PP, talc such as 10M2 grade can substitute up to 15 % of the hydrated filler (ATH or MDH) with at least as good flame retardancy and often improved mechanical properties [31]. Clays are discussed below under flame retardants for elastomers, where high filler loadings can be tolerated.
Halogenated Flame Retardants
This category actually covers bromine and chlorine-containing flame retardants. Iodine would probably work but is too expensive and its compounds tend to be relatively unstable with respect to heat and especially to light. Fluorine plays a useful role in flame retardancy, particularly in the form of stable essentially non-combustible fluoropolymers, such as Teflon®, a substantially non-combustible thermoplastic and FEP -a fluorine containing elastomer used prominently in wire insulation. Fluorine compounds are ineffective flame inhibitors because these compounds and their possible breakdown product hydrogen fluoride are too stable to interupt oxidative chain reactions in the flame.
The only role of fluorine in the flame retardant additive field is the use of, typically, less than 0.1% of powdered poly(tetrafluoroethylene) (Teflon) as an additive to prevent dripping, probably by a rheological effect. Although the main use of Dechlorane Plus is in nylons, its original use was in polyolefins, and it still finds substantial use in polyolefins, particularly where a low smoke formulation is needed.A low smoke formulation for EPDM is described by Markezich [37] as 38.2 % EPDM, 13.9 % Dechlorane Plus, 5.1% Sb 2 O 3 , 8.4 % polyethylene, 9.1% "others" (ZnO, stabilizer, wax, coupling agent, peroxide), 25.3 % talc (zinc stearate coated), and 0.05 iron compound (smoke suppressant). This formulation gave less than one-half the smoke density of a similar formulation using decabromodiphenyl oxide in place of Dechlorane Plus. The mode of action of Dechlorane Plus involves char formation (resulting in less smoke) as well as flame inhibition, whereas the brominated additives tend to mainly cause flame inhibition. An effective formulation for achieving V-0 at 3.2 mm in crosslinked low density polyethylene is 60 phr Dechlorane Plus, 10 phr Sb 2 O 3 and 10 phr zinc borate [38] . A particularly effective use of Dechlorane Plus is in combination with a brominated additive, lowering the total additive level by taking advantage of a strong chlorine-bromine synergism [39, 40] . For example, in glass-filled polypropylene, a V-0 rating at 1.6 mm can be achieved with 50.6 % PP, 10.3 % Dechlorane Plus, 8.1% decabromodiphenyl oxide, 10 % Sb 2 O 3 , 5 % zinc borate, and 1 % Irganox 1010. The formulation retained a tensile strength of 37.3 MPa. Synergistic results were also shown for polyethylene; in a wire and cable formulation either radiation-crosslinked or not, UL-94 V-0 at 0.8 mm with no drips was achieved with 66.72 % PE, 12.7 % Dechlorane Plus, 9.78 % decabromodiphenyl oxide, and 11% Sb 2 O 3 .
Dechlorane Plus®
Brominated Additives
Decabromodiphenyl Oxide (Decabromodiphenyl Ether; Bis(Pentabromophenyl) Ether, "Decabrom")
This is a white powder containing 83 % Br, specific gravity 3.25 , and melting at around 300°C.
It is produced and sold by Albemarle as Saytex® 102E, by Israel Chemical Ltd. as FR-1210, by Chemtura as DE83R and by a number of manufacturers in the Far East. In view of the competition, "decabrom" is a low priced commodity flame retardant additive. It is probably the dominant flame retardant additive used in polyolefins, and has the advantage of good thermal stability. In low density polyethylene (LDPE), a rating of V-2 can be reached with 6 % of decabromodiphenyl oxide plus 2 % Sb 2 O 3 . Levels of at least 6 % plus 3 % respectively are recommended for linear LDPE (LLDPE) and 8 % plus 3 % for HDPE. The exact amount will be influenced by density and melt index (melt flow favors the V-2 mode of extinguishment).
To reach V-0 in any of these PE types, a good starting point is 22 % decabromodiphenyl oxide plus 6 % Sb 2 O 3 plus 14 % of a mineral filler such as clay or talc. In crosslinked PE, 20 % of decabromodiphenyl oxide plus 10 % Sb 2 O 3 may be preferable. To get a UL-94 rating of VTM-0 in polyethylene film, or HF-1 rating in polyethylene foam, lower levels of these additives generally suffice. In EVA, the higher the acetate content, the lower the amount of additive needed. A formulation for ICL-IP for reaching V-2 in polypropylene has 4.8 % FR-1210 and 1.6 % Sb 2 O 3 . This has little effect on impact or HDT. In polypropylene, to pass the UL-94 V-2 requirement at 1.6 mm, typically 3-6 % aromatic Br (such as in decabrom) must be added, along with 1-3 % antimony trioxide.
Tetradecabromodiphenoxybenzene (Saytex 120)
This is a white powder with mp about 380°C, with 82 % Br. It is a more specialized additive used where very high thermal stability is needed. Although it is claimed to be useful in polyolefins, its main use is believed to be in polyamides.
